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ABSTRACT
We provide constraints on the nature of the optically faint (I ≥ 24) X-ray source population from a 1 Ms
Chandra exposure of a 8.4′× 8.4′ region within the Hawaii flanking-field area containing the Hubble Deep Field
North region. We detect 47 (2,400+400−350 deg−2) optically faint sources down to 0.5–2.0 keV and 2.0–8.0 keV fluxes
of ≈ 3× 10−17 erg cm−2 s−1 and ≈ 2× 10−16 erg cm−2 s−1, respectively; these sources contribute ≈ 14% and
≈ 21% of the 0.5–2.0 keV and 2.0–8.0 keV X-ray background radiation, respectively. The fraction of optically
faint X-ray sources is approximately constant (at ≈ 35%) for 0.5–8.0 keV fluxes from 3× 10−14 ergs cm−2 s−1
down to the X-ray flux limit. A considerable fraction (30+14−10%) of the optically faint X-ray sources are Very
Red Objects (I −K ≥ 4). Analysis of the optical and X-ray properties suggests a large number of optically
faint X-ray sources are likely to host obscured AGN activity at z = 1–3. From these results we calculate that a
significant fraction (≈ 5–45%) of the optically faint X-ray source population could be obscured QSOs (rest-frame
unabsorbed 0.5–8.0 keV luminosity > 3× 1044 erg s−1) at z ≤ 3. Given the number of X-ray sources without
I-band counterparts, there are unlikely to be more than ≈ 15 sources at z > 6. We provide evidence that the true
number of z > 6 sources is considerably lower.
We investigate the multi-wavelength properties of optically faint X-ray sources. Nine optically faint X-ray
sources have µJy radio counterparts; ≈ 53+24−17% of the optically faint µJy radio sources in this region. The most
likely origin of the X-ray emission in these X-ray detected, optically faint µJy radio sources is obscured AGN
activity. However, two of these sources have been previously detected at sub-millimeter wavelengths and the X-
ray emission from these sources could be due to luminous star formation activity. Assuming the spectral energy
distribution of NGC 6240, we estimate the 175 µm flux of a typical optically faint X-ray source to be < 10 mJy;
however those sources with detectable sub-millimeter counterparts (i.e., f850µm > 3 mJy) could be substantially
brighter. Hence, most optically faint X-ray sources are unlikely to contribute significantly to the far-IR (140–
240 µm) background radiation. However, as expected for sources with AGN activity, the two optically faint X-ray
sources within the most sensitive area of the ISOCAM HDF-N region have faint ( <∼ 50 µJy) 15 µm counterparts.
We also provide constraints on the average X-ray properties of classes of optically faint sources not individually
detected at X-ray energies. Stacking analyses of optically faint µJy radio sources not individually detected with
X-ray emission yields a possible detection (at 98.3% confidence) in the 0.5–2.0 keV band; this X-ray emission
could be produced by star formation activity at z = 1–3. None of the optically faint AGN-candidate sources in
the HDF-N itself are detected at X-ray energies either individually or with stacking analyses, showing that these
sources have low X-ray luminosities if they are indeed AGN.
Subject headings: galaxies: AGN — X-rays: background — cosmology
1. INTRODUCTION
One of the key goals of X-ray astronomy during the last
40 years has been to determine the origin of the X-ray back-
ground (Giacconi et al. 1962). Surveys taken prior to the launch
of the Chandra X-ray Observatory (hereafter Chandra; Weis-
skopf et al. 2000) performed in both the soft X-ray (≈ 0.5–
2.0 keV) and hard X-ray (≈ 2.0–10.0 keV) bands showed
that a significant fraction of the X-ray background is pro-
duced by discrete sources, primarily obscured and unobscured
AGN (e.g., Hasinger et al. 1998; Ueda et al. 1998, 1999; Fiore
et al. 1999; Akiyama et al. 2000; Lehmann et al. 2001). The im-
proved sensitivity and sub-arcsecond resolution of Chandra is
allowing deep X-ray surveys to resolve close to 100% of the
≈ 0.5–8.0 keV background (e.g., Mushotzky et al. 2000; Brandt
et al. 2001a, hereafter Paper IV; Garmire et al. 2001, hereafter
Paper III; Tozzi et al. 2001; Brandt et al. 2001b, hereafter Pa-
per V). The optical spectroscopic identification of the optically
brighter (I < 24) X-ray sources is currently in progress, and the
majority of the sources appear to be AGN at z <∼ 1 (e.g., Horn-
schemeier et al. 2001, hereafter Paper II; Tozzi et al. 2001; A.J.
Barger et al. , in preparation). However, a significant fraction
(≈ 30%) of the X-ray sources are too faint (I ≥ 24) for optical
spectroscopic observations (e.g., Barger et al. 2001a; Paper II;
Tozzi et al. 2001).
The combination of faint optical emission and bright X-
ray emission suggests that many of these optically faint X-
ray sources are powerful high-redshift AGN (e.g., Fabian
et al. 2000; Barger et al. 2001a; Cowie et al. 2001; Schreier
et al. 2001). The nature and properties of such sources are im-
portant for understanding moderate-to-high-redshift (1 < z <
7) accretion activity and the role of AGN activity in galaxy
formation (e.g., Fabian 1999; Haiman & Loeb 1999; Cowie
et al. 2001). Some optically faint X-ray sources have flat X-
ray spectral slopes (e.g., Paper II; Cowie et al. 2001), suggest-
ing they may be highly obscured AGN, and a number of the
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sources could be obscured QSOs (i.e., LX > 3× 1044 ergs−1).
Although very few obscured QSOs have been detected locally,
they are predicted to exist in large numbers at high redshift (e.g.,
Wilman, Fabian, & Nulsen 2000; Gilli, Salvati, & Hasinger
2001). If the origin of the obscuration in these sources are
optically thick dusty tori (e.g., Antonucci 1993), they should
also produce powerful infrared emission and may contribute
significantly to the cosmic infrared background (e.g., Puget
et al. 1996; Schlegel et al. 1998).
Significant numbers of optically faint X-ray sources have
been detected in other X-ray surveys; however, the analysis of
such sources has been either limited to detailed single object
studies (e.g., Cowie et al. 2001) or combined within larger ob-
ject identification studies (e.g., Mushotzky et al. 2000; Barger
et al. 2001a; Paper II). We present here the first detailed analy-
sis of the optically faint (I ≥ 24) X-ray source population with
a 1 Ms Chandra observation of the HDF-N and surrounding
Hawaii flanking-field area (i.e., Paper V).1 We have chosen the
Hawaii flanking-field area in this study for a number of im-
portant reasons. First, we include the most sensitive and posi-
tionally accurate X-ray data as the HDF-N itself is at the aim-
point of the Chandra observation. Second, the Hawaii flanking-
field area has deep optical (Barger et al. 1999), radio (Richards
et al. 1998; Richards 2000) and sub-millimeter (Barger, Cowie,
& Richards 2000; Chapman et al. 2001; Barger et al. 2001b)
coverage, and the properties of optically faint µJy radio sources
within this region have been pursued by Richards et al. (1999).
Finally, by including the HDF-N itself we guarantee very deep
multi-wavelength coverage within the central region. The high
surface density of I ≥ 24 sources means that Chandra is the
only X-ray observatory with the positional accuracy to pin-
point optically faint X-ray sources. The larger positional uncer-
tainty of XMM-Newton detected sources will sometimes result
in > 1 optically faint counterpart to an X-ray source.
In this study we compare the X-ray, optical and near-IR prop-
erties of the optically faint X-ray sources to those of the opti-
cally bright X-ray sources. We investigate the radio and in-
frared properties of optically faint X-ray sources, review the
properties of the best-studied optically faint X-ray sources to
date, estimate their redshifts and place constraints on the frac-
tion of obscured QSOs in the optically faint X-ray source popu-
lation. We also provide constraints on the X-ray emission prop-
erties of optically faint µJy radio sources (Richards et al. 1999)
not individually detected at X-ray energies and optically faint
AGN candidates (Jarvis & MacAlpine 1998; Conti et al. 1999)
within the HDF-N itself.
The Galactic column density along this line of sight is
(1.6±0.4)×1020 cm−2 (Stark et al. 1992), and H0 = 70 km s−1
Mpc−1 and q0 = 0.1 are adopted throughout this paper. All co-
ordinates in this paper are J2000.
2. CHANDRA ACIS-I OBSERVATIONS
The X-ray results reported in this paper were obtained
with the 1 Ms Chandra Advanced CCD Imaging Spectrome-
ter (ACIS; G.P. Garmire et al. , in preparation) survey of the
HDF-N and its environs presented in Paper V. With the ex-
ception of a number of lower significance Chandra sources
reported in §5.1, all the Chandra sources were taken from
Paper V. Results for the HDF-N itself have been presented
by Hornschemeier et al. (2000, hereafter Paper I) and in Paper
IV for 164.5 ks and 479.7 ks exposures, respectively. Results
obtained with a 221.9 ks exposure over the larger 8.6′× 8.7′
Caltech Faint Field Galaxy Redshift Survey Area (hereafter re-
ferred to as the “Caltech area”; e.g., Cohen et al. 2000; Hogg
et al. 2000) centered on the HDF-N have been presented in
Paper II. The area used in this study (8.4′× 8.4′) is slightly
smaller than the Hawaii Flanking Field area, and a large frac-
tion of it overlaps with the Caltech area.2 Source detection in
each standard X-ray band (see Paper V) was performed with
WAVDETECT (Freeman et al. 2001) with a probability threshold
of 10−7; we would expect ≈ 0.11 spurious sources for each
X-ray band over the entire region with this procedure. A lack
of spurious faint X-ray sources is essential for this study since
some sources may not have a detectable optical counterpart;
we provide corroborating evidence for a low fraction of spu-
rious optically faint X-ray sources in §3.2. All sources were
inspected to ensure that they are not produced or affected by
“cosmic ray afterglows” (Chandra X-ray Center 2000, private
communication).
In total 141 sources (hereafter referred to as the entire X-
ray sample) were detected in the 8.4′ × 8.4′ region defined
here: 136 in the full band (0.5–8.0 keV), 117 in the soft band
(0.5–2.0 keV) and 102 in the hard band (2.0–8.0 keV). We
show the Chandra image in Figure 1. The “effective” full-
band exposure time per source, as derived from our exposure
map, ranges from 644–945 ks with most sources (85%) hav-
ing > 800 ks of exposure. Even with these long exposure
times, the Chandra ACIS is entirely photon limited for point-
source detection near the aim point. For a power-law model
with photon index Γ = 1.4 and the Galactic column density,
our ≈ 6 count soft-band and ≈ 10 count hard-band detection
limits correspond to flux limits of ≈ 3× 10−17 erg cm−2 s−1
and ≈ 2× 10−16 erg cm−2 s−1, respectively. The absolute X-
ray source positions within 5′ of the aim point are accurate to
0.6′′; for sources outside this region, the positional errors rise
to ≈ 1′′(see Paper V).
3. BASIC OPTICAL AND X-RAY PROPERTIES OF THE
OPTICALLY FAINT X-RAY SOURCES
3.1. Optical source magnitudes and spectroscopic
identifications
There are published ≈ 5σ magnitudes for I < 24.3 and
HK′ < 20.4 sources over the entire region used in this study
(Barger et al. 1999). We retrieved the publicly available im-
ages3 to search for fainter sources and determine magnitudes
for X-ray sources down to ≈ 2σ limits of I = 25.3 and
HK′ = 21.4 using the SEXTRACTOR photometry tool (Bertin &
Arnouts 1996), assuming the “Best” magnitude criteria; see Ta-
ble 1. We found good agreement (≈ 1σ magnitude deviations of
±0.25 mags) with Barger et al. (1999) for the sources included
in their catalog. While a large fraction of this region has addi-
tional optical-to-near-IR coverage (Hogg et al. 2000), we have
not included analysis of this data since deeper multi-band opti-
cal photometry is currently being obtained (A.J. Barger et al. ,
in preparation). Although we only have two optical-to-near-IR
magnitudes per source, the choice of I-band and HK′-band ob-
servations are useful as many sources have red optical-to-near-
IR colors (see §4.1). The addition of deep shorter wavelength
1 The Hawaii flanking-field area is defined by the optical and near-IR observations presented in Barger et al. (1999).
2 We have not used the full Hawaii flanking field area to avoid the lower optical and near-IR sensivity towards the edge of these images.
3 These images are available at http://www.ifa.hawaii.edu/∼cowie/hdflank/hdflank.html.
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FIG. 1.— Adaptively smoothed full-band Chandra image. The squares show the positions of the optically faint X-ray sources with 2σ I-band counterparts, the
diamonds show the positions of the optically faint X-ray sources without 2σ I-band counterparts, and the crosses show the positions of the 17 optically faint µJy
radio sources from Richards et al. (1999). This image has been made using the standard ASCA grade set and has been adaptively smoothed at the 3σ level using the
code of Ebeling et al. (2001). The HDF-N is shown as the polygon at the center of the image, the large box indicates the 8.4′× 8.4′ region used in this study, and
the dashed circle indicates the 2′ radius from the center of the HDF-N; this corresponds to the approximate region covered by the 15 µm ISOCAM survey (Serjeant
et al. 1997; Aussel et al. 1999). Most of the apparent diffuse emission is instrumental background. Clearly some of the optically faint sources are among the brightest
X-ray sources in the entire X-ray sample. The faintest X-ray sources are below the significance level of the smoothing and thus are not visible in this figure.
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FIG. 2.— The I-band magnitude distribution of optical counterparts for the
entire X-ray sample. The hatched blocks are the optically faint sources, and
the unhatched blocks are the optically bright sources; the 15 sources without
2σ I-band counterparts are shown as upper limit arrows which correspond to
I > 25.3. Compare to Figure 1 of Richards et al. (1999).
optical observations would also be useful and could provide
strong constraints on source redshifts through the utilization of
the band drop-out technique (e.g., Steidel et al. 1996; see §6.2).
We matched the X-ray sources to I-band counterparts using
a search radius of 1′′; the I-band magnitude distribution of the
entire X-ray sample is shown in Figure 2. This distribution can
be compared to the µJy radio source I-band magnitude distri-
bution of Richards et al. (1999), whose survey covered approx-
imately the same region. The I-band magnitude distribution of
the radio sources peaks with a median of I ≈ 22 and falls off
at fainter magnitudes. At I > 25 a population of optically faint
µJy radio sources is detected; 30% of the µJy radio sources have
I > 25. The median I-band magnitude of the entire X-ray sam-
ple is also I ≈ 22, although we do not see a decline to fainter
optical magnitudes; in fact the distribution is reasonably flat for
I > 20 (16% have I > 25).
We have adopted I ≥ 24 as the definition of an optically faint
source. This optical magnitude limit is fainter than that which
can be reasonably achieved with optical spectroscopy on a 10-
m class telescope, and therefore other techniques are required
to determine the redshifts and nature of these sources. From
the entire X-ray sample, 47 sources have I ≥ 24 (see Table 1)
and 22 of these have an HK′-band counterpart. These sources
account for 33+6−5% of the X-ray sources detected in the entire
X-ray sample.4 Thumbnail images of all the optically faint X-
ray sources are shown in Figure 3. None of the sources show
evidence for extended emission (although also see §4.5); the
slightly extended structure of CXOHDFN J123619.2+621442
is due to a nearby faint X-ray source. However, one source
(CXOHDFN J123616.1+621514) appears to be associated with
an optically blank X-ray source (see §6.2 for further discus-
sion). Only one source (CXOHDFN J123651.8+621221; see
Paper I and Paper IV) lies in the HDF-N itself; this source
has an F814W = 25.8 counterpart (M. Dickinson 2000, private
communication).
Fifteen sources do not have 2σ I-band counterparts, setting
an I-band magnitude limit of I > 25.3, although four of these
sources have HK′ counterparts. These sources are referred to
as optically blank X-ray sources and remain a part of the opti-
cally faint X-ray source sample, although we test whether they
are statistically different in §6.2. Given the surface density of
I < 24 sources there is an≈ 2.3% chance that an X-ray source is
coincidently matched to a I < 24 source. Therefore we would
expect ≈ 2.2 optically faint X-ray sources to have been erro-
neously matched to an optically bright counterpart; as this is a
small fraction of the optically faint X-ray source sample, this
discrepancy will not affect our conclusions.
Published optical spectroscopic identifications are presently
available for 61 (65%) of the optically bright (I < 24) X-
ray sources; these spectroscopic identifications were taken
from Cohen et al. (2000), Paper II, and Dawson et al. (2001).
For comparison, only two optically faint X-ray sources
have spectroscopic identifications. One source (CXOHDFN
J123633.5+621418) is a z = 3.403 (see Cohen et al. 2000; Pa-
per II) broad-line AGN (BLAGN) that is only marginally op-
tically faint with our photometry (I = 24.1). The other source
(CXOHDFN J123642.1+621332) is fainter and lies at a higher
redshift (z = 4.424; Waddington et al. 1999; but also see §2.2
of Barger, Cowie, & Richards 2000). The spectroscopic and
X-ray properties of this source strongly suggest it contains an
AGN (Waddington et al. 1999; Paper IV).
To assist in the interpretation of the optically faint X-ray
sample we have defined two sub-samples from the optically
bright X-ray source sample. The first includes seven of the
eight BLAGN reported in Paper II; the eighth source is opti-
cally faint with our photometry (see above). The second con-
tains luminous narrow-line AGN (NLAGN) and includes the
six narrow-line X-ray sources with 0.5–8.0 keV luminosities
> 3× 1042 erg s−1 reported in Paper II. Three of the narrow-
lined sources have AGN signatures in their optical spectra,
while the signal-to-noise in the optical spectroscopic observa-
tions of the other three sources is insufficient to detect high ion-
ization AGN lines (although their high X-ray luminosities sug-
gest they are NLAGN; Paper II). While NLAGN sources with
X-ray luminosities lower than 3× 1042 erg s−1 were also re-
ported in Paper II, we have chosen this definition of a NLAGN
to minimize the potential contribution at X-ray energies from
starburst activity. These samples are not complete, as a fraction
of the unclassified optically bright X-ray sources are likely to
be BLAGN or luminous NLAGN.
3.2. X-ray fluxes
The full-band X-ray flux distribution of the entire X-ray sam-
ple is shown in Figure 4. The optically faint sources are de-
tected over a similar X-ray flux range to the optically bright
sources, and clearly some optically faint sources are among
the brightest X-ray sources in the entire X-ray sample (see also
Figure 1). Similar percentages of optically faint and optically
bright X-ray sources are detected in the full band (98+2−14% for
the optically faint sample versus 96+4−10% for the optically bright
sample). A Kolmogorov-Smirnov (K-S) test shows that the full-
band X-ray flux distributions of these sources are indistinguish-
able; the K-S test probability is 45%. This provides additional
evidence that the number of spurious optically faint sources
is low (see §2). The fraction of optically faint and optically
bright X-ray sources detected in the hard band (83+16−13% for the
4 Note that all errors are determined from Tables 1 and 2 of Gehrels (1986) and correspond to the 1σ level.
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FIG. 3.— Thumbnail I-band images with overlaid X-ray contours for each source in the optically faint X-ray sample. The contour levels refer to the number of
counts detected in the full band; each X-ray image has been adaptively smoothed and is 15.09′′ on a side. It is clear from these images that a number of X-ray
sources have no visible 2σ I-band counterpart; the optically blank sources listed in Table 1 are indicated here with a “B”. The faintest X-ray sources are below
the significance level of the smoothing and thus are not visible in these figures. One optically faint X-ray source (CXOHDFN J123616.1+621514) appears to be
interacting with an optically blank X-ray source.
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FIG. 4.— The full-band flux distributions of (a) the optically faint X-ray
sample and (b) the optically bright X-ray sample. The two X-ray flux distribu-
tions are not distinguishable according to the Kolmogorov-Smirnov (K-S) test.
The solid blocks show the overlaid flux distribution of X-ray sources without
2σ I-band counterparts.
optically faint sample versus 67+10−8 % for the optically bright
sample) and soft band (74+15−13% for the optically faint sample
versus 87+11−10% for the optically bright sample) are statistically
consistent, although the current uncertainties are large.
In Figure 5 we show the fraction of optically faint sources
in the entire X-ray sample versus full-band flux. With the ex-
ception of the brightest X-ray flux bin, where only one op-
tically bright X-ray source is detected, the data are consis-
tent with an ≈ 35% fraction of optically faint sources for
full-band fluxes of < 3 × 10−14 erg cm−2 s−1. We have
not detected any optically faint sources with soft-band X-ray
fluxes > 3× 10−15 erg cm−2 s−1 or hard-band fluxes > 2×
10−14 erg cm−2 s−1; however, optically faint X-ray sources
with larger X-ray fluxes have been detected in other Chandra
surveys (e.g., source 7 in Mushotzky et al. 2000 has a soft-band
flux of 1.5×10−14 erg cm−2 s−1 and a hard-band X-ray flux of
3.8× 10−14 erg cm−2 s−1). Wide-field, shallow X-ray surveys
such as the Chandra Multi-wavelength Project (ChaMP; Wilkes
et al. 2001)5 will be well suited for determining the fraction of
optically faint sources at brighter X-ray fluxes (i.e., full-band
X-ray fluxes > 5× 10−15 erg cm−2 s−1).
FIG. 5.— The fraction of optically faint X-ray sources versus full-band
flux. The width of each X-ray flux bin is shown as bars in the x-axis direction.
The 1σ uncertainty in the fraction of optically faint X-ray sources is shown
as bars in the y-axis direction. The numbers plotted for each data point show
the number of optically faint X-ray sources over the total number of X-ray
sources for each X-ray flux bin. The dashed line shows the overall fraction
of optically faint X-ray sources in the entire X-ray sample, and the dotted
lines show the 1σ uncertainty on this value. The fraction of optically faint
X-ray sources is consistent with being constant (≈ 35%) for full-band fluxes
< 3×10−14 erg cm−2 s−1.
3.3. X-ray background contribution
Due to the significant number of sources with upper limits
in the soft or the hard X-ray bands, the most accurate determi-
nation of the X-ray background contribution from the optically
faint X-ray sources is made by stacking the individual X-ray
sources; see also Paper II and Paper IV for use of the stack-
ing technique. The total number of counts for each source is
measured in an aperture equal to the size of the point-spread
function (see §3.2.1 in Paper V); the size and shape of the
point-spread function is a function of off-axis angle. The av-
erage number of background counts is calculated and removed
to give the net number of counts per source. The results from
all sources are combined to give a total number of counts for
both the optically faint and optically bright X-ray samples. The
total flux for each sample is then calculated using the average
X-ray band ratio (see §4.3), which was corrected for vignetting.
To check this technique we determined the average band ratio of
the whole sample; we found this to be 0.59±0.01, which corre-
sponds to Γ≈ 1.32, similar to that found for the spectral slope
of the X-ray background (e.g., compare to Tozzi et al. 2001).
The optically faint X-ray sources contribute ≈ 22+8−7% of the
total X-ray emission in the full band, ≈ 14+8−7% of the total X-
ray emission in the soft band, and ≈ 24+8−7% of the total X-ray
emission in the hard band. The uncertainties in these values
have been determined assuming the limiting factor in these cal-
culations is the small number of sources. We note, however,
that “cosmic variance” is also likely to be important.
Based on the analysis of G.P. Garmire et al. , in prepara-
tion, which uses the normalization of Chen, Fabian, & Gen-
dreau (1997), these HDF-N observations resolve ≈ 100% of
the X-ray background in the soft band and ≈ 86% of the X-
ray background in the hard band. Therefore, the optically faint
5 Details of the ChaMP project can be found at http://hea-www.harvard.edu/CHAMP/.
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X-ray source population contributes a non-negligible fraction
(≈ 14+8−7% in the soft band and ≈ 21+8−7% in the hard band) of
the X-ray background.
4. COMPARISONS OF THE OPTICALLY FAINT AND
OPTICALLY BRIGHT X-RAY SOURCE POPULATIONS
In this section we provide constraints on the nature of the
optically faint X-ray source population from a comparison to
the optical, near-IR and X-ray properties of the optically bright
X-ray source population.
4.1. Optical-to-near-IR colors
Deep X-ray surveys show a correlation between the op-
tical faintness and optical-to-near-IR color of X-ray sources
(e.g., Hasinger et al. 1998; Giacconi et al. 2001; Lehmann
et al. 2001). In Figure 6 we show a plot of I−K color versus
I-band magnitude for the entire X-ray sample; the K-band mag-
nitude was determined from K = HK′− 0.3 following Barger
et al. (1999). The correlation between the optical magnitude
and optical-to-near-IR color of X-ray sources is clearly seen
in our data. The Spearman ρ and Kendall τ tests show a cor-
relation is present with >99.99% confidence for the optically
bright sources; we omitted the optically faint sources due to the
larger uncertainties in the source magnitudes. With the excep-
tion of the BLAGN, the X-ray sources are among the reddest
sources at a given optical magnitude, and the best linear fit to
the non-BLAGN sources is very similar to that found for the
µJy radio source population (Richards et al. 1999). Two obvious
mechanisms can produce this reddening effect: (1) extinction
of the optical continuum and/or, (2) the positive K-corrections
of a normal galaxy with increasing redshift (e.g., Pozzetti &
Mannucci 2000). The expected redshifts of elliptical and spiral
galaxies with I−K > 3.5 are z > 1.0 and z > 1.5 respectively
(e.g., Moriondo, Cimatti, & Daddi 2000; Pozzetti & Mannucci
2000; Barger et al. 2001a). The luminous NLAGN sources fol-
low the trend found for the non-BLAGN sources showing that
their optical-to-near-IR emission is probably dominated by the
host galaxy. By comparison, the BLAGN have blue colors over
a large range of redshifts (0.5 < z < 3.5 for our sample), pre-
sumably due to the domination of the AGN emission at these
wavelengths.
The majority of the optically faint X-ray sources have red
optical-to-near-IR colors (I−K ≥ 3.5), and nine (30+14−10%) of
the 30 sources with measurable colors are very red objects
(VROs; I−K ≥ 4); by comparison only one (1+2−1%) of the 94
optically bright X-ray sources is a VRO. A detailed analysis
of the X-ray emission from VROs will be published elsewhere
(D.M. Alexander et al. , in preparation). In general these col-
ors are inconsistent with those expected for a normal BLAGN
at z <∼ 6 (i.e., before Lyman-α leaves the I-band; see Figure 6
and §6.2), although they are consistent with those expected for
extremely high redshift BLAGN, reddened BLAGN (e.g., Web-
ster et al. 1995; Barkhouse & Hall 2001), and comparitively
normal galaxies that are either dust extincted and/or lie at z > 1.
FIG. 6.— I−K color versus I-band magnitude for the entire X-ray sam-
ple; the K-band magnitude was determined from K = HK′ − 0.3 following
Barger et al. (1999). The small dots are the field galaxy population (from
Barger et al. 1999), the open circles are the unclassified Chandra sources, the
filled triangles are the BLAGN sources, and the filled squares are the luminous
NLAGN. The solid line shows the best linear fit to the non-BLAGN sources;
this is comparable to the slope for the µJy radio sources shown in Figure 2 of
Richards et al. (1999). The Spearman ρ and Kendall τ tests show a correlation
is present with >99.99% confidence. The BLAGN do not follow this trend;
their average I−K color stays roughly constant for I < 24. The long dashed
line shows the expected colors for a MI = −23 QSO. The QSO colors were
calculated from a standard quasar spectrum with α = 0.5 (where Fν ∝ ν−α)
and typical emission-line strengths. The colors correspond to that expected
for an MI = −23 QSO, see Figure 12 for the equivalent redshifts; at z >∼ 6,
Lyman-α leaves the I-band leading to large I−K colors. The vertical dotted
line shows the optical magnitude distinction between optically bright (I < 24)
and optically faint (I ≥ 24) sources. The diagonal line of I−K color upper
limits is due to the HK′ magnitude limit.
4.2. X-ray-to-optical flux ratios
An important diagnostic of the nature of X-ray sources is the
X-ray-to-optical flux ratio (e.g., Maccacaro et al. 1988; Stocke
et al. 1991). Luminous AGN (both BLAGN and NLAGN) have
typical X-ray-to-optical flux ratios, in both the soft and hard
bands, of−1< log( fXfR )< 1 (e.g., Schmidt et al. 1998; Akiyama
et al. 2000; Paper II; Lehmann et al. 2001). A large fraction of
sources are also detected in the soft band with lower X-ray-to-
optical flux ratios (i.e., log( fXfR ) < −1). These sources include
normal galaxies, stars and low-luminosity AGN (e.g., Giacconi
et al. 2001; Paper II; Lehmann et al. 2001; Paper IV; A.E. Horn-
schemeier et al. , in preparation); normal galaxies and stars gen-
erally have weak hard X-ray emission and consequently very
small X-ray-to-optical ratios (i.e., log( fXfR )<−2).
Previous studies have used either the V -band or R-band when
determining the X-ray-to-optical flux ratios of sources whereas
our study uses the I-band magnitude (see Figure 7). The aver-
age R− I of the I < 24 X-ray sources reported in Paper II is 0.9
mags, which corresponds to a difference between fXfI and
fX
fR of
only≈ 20% once the zero points of the I-band and R-band mag-
nitude scales are accounted for. The optically bright BLAGN
and luminous NLAGN sources lie within the typical range of
X-ray-to-optical flux ratios found for luminous AGN (see Fig-
ure 7). The other optically bright sources cover a large range of
soft-band X-ray-to-optical flux ratios, and, although we have
not classified all these sources with optical spectroscopy, a
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FIG. 7.— (a) Soft-band and (b) hard-band fluxes versus I-band magnitude;
both individual Chandra sources and the results of stacking sources not indi-
vidually detected by Chandra (see §5.1 and §5.2) are shown. The optically
bright X-ray sources with upper limits are not plotted; both X-ray detections
and X-ray upper limits are plotted for the optically faint X-ray sources. The
dotted lines in the horizontal and vertical directions show the X-ray flux limits
and the distinction between optically bright and optically faint sources respec-
tively. The small open circles are the unclassified sources, the filled trian-
gles are the BLAGN, and the filled squares are luminous NLAGN. The large
cross is the stacking analysis limit for the Conti et al. (1999) optical AGN can-
didates, the large open circle is the stacking analysis limit for the Jarvis &
MacAlpine (1998) optical AGN candidates, and the large star is the stacking
analysis limit for the Richards et al. (1999) optically faint µJy radio sources.
Three sources with extreme flux ratios are labeled. The source CXOHDFN
J123651.8+621221 is likely to be an obscured QSO (see §6.2).
broad range of source types are detected (see Figure 7a).
It is clear that the optical magnitude threshold of the opti-
cally faint X-ray sample restricts the range of possible source
types for this population, and we have probably not yet reached
the X-ray sensitivity needed to detect optically faint non-AGN
sources (see §5.1 for some possible exceptions). This point is
further enforced in Figure 7b which shows that the optically
faint sources have hard-band X-ray-to-optical flux ratios typical
of AGN. Some optically faint sources are among the brightest
X-ray sources in the entire X-ray sample, suggesting luminous
AGN activity even at moderate redshift. For example, the two
brightest X-ray sources (CXOHDFN J123616.0+621108 and
CXOHDFN J123704.9+621602) would have QSO-level X-ray
luminosities (rest-frame 0.5–8.0 keV unabsorbed luminosities
of > 3× 1044 ergs s−1) at z≈ 1.5; see §6.3.
4.3. X-ray band ratios
One of the key distinctions between the main classes of AGN
is made from X-ray observations. Unobscured AGN are al-
most always BLAGN and have steep X-ray spectral slopes (e.g.,
Γ = 2.0± 0.3; George et al. 2000), while obscured AGN are
predominantly NLAGN and have highly absorbed X-ray emis-
sion (e.g., 22 < log(NH) < 25; see Risaliti, Maiolino, & Sal-
vati 1999) and consequently flat X-ray spectral slopes (e.g.,
Γ ≈ 1.0). While AGN with steep X-ray spectral slopes are al-
most exclusively BLAGN, a number of source types other than
NLAGN can have flat X-ray spectral slopes [e.g., Broad Ab-
sorption Line QSOs (BALQSOs) and other obscured Type 1
AGN; Gallagher et al. 1999; Comastri et al. 2001]. A compar-
ison of the X-ray spectral slopes of the optically faint X-ray
sources and the optically bright X-ray sources will therefore
provide constraints on whether the majority of the AGN activ-
ity in the optically faint X-ray source population is obscured or
unobscured.
In Figure 8 we show a plot of the X-ray band ratio, defined
as the ratio of hard-band to soft-band counts, versus the soft-
band count rate. The general trend toward flatter X-ray spectral
slopes at fainter X-ray fluxes (e.g., Giacconi et al. 2001; Papers
II–V; Tozzi et al. 2001) is seen. Clearly the optically faint and
optically bright X-ray source populations have a distribution of
soft and hard X-ray sources. To determine whether the optically
faint sources have statistically flatter X-ray spectral slopes we
used two techniques. First we stacked together the individual
X-ray source observations in the same manner as in §3.3. The
average band ratios from this stacking analysis, corrected for vi-
gnetting, are 0.91±0.03 (Γ= 0.9) for the optically faint sample
and 0.54± 0.01 (Γ = 1.4) for the optically bright sample. The
flat X-ray spectral slope of the optically faint X-ray sources
suggests the majority of these sources are obscured AGN; by
comparison the average band ratio for the luminous NLAGN
is 0.68± 0.02 (Γ = 1.2). Second we compared the band ra-
tio distribution of the optically faint X-ray sources to the band
ratio distribution of the optically bright X-ray sources (see Fig-
ure 9). It is clear from this plot that there is a larger fraction
of optically faint sources with flat X-ray spectral slopes than
found in the optically bright X-ray source population. The K-S
test shows that these band ratio distributions are distinguish-
able at the 99.4% significance level. Assuming the underlying
emission is an unabsorbed power-law source with Γ = 2.0, the
average band ratio of the optically faint X-ray sources corre-
sponds to an intrinsic absorption column density at z = 2 (see
§6.2) of NH ≈ 1.5× 1023 cm−2. Although it is probable that the
majority of these sources are NLAGN, without optical spec-
troscopic observations we cannot distinguish between NLAGN
and other X-ray sources that can have flat X-ray spectral slopes
(e.g., BALQSOs and other obscured Type 1 AGN).
Without high signal-to-noise X-ray spectral analysis we can-
not directly show that the flattening of the X-ray spectral slopes
in the optically faint X-ray source population is due to absorp-
tion. While in principle the signal-to-noise ratio of the X-ray
emission from the stacked optically faint sources is high enough
to allow spectral analysis, the probable broad range of source
redshifts (see §6.2) will smear out the signature of absorption
and other X-ray spectral features (e.g., iron Kα lines). We also
note that when determining the average band ratios we have
not made K-corrections to the X-ray emission. As the effect of
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FIG. 8.— X-ray band ratio, defined as the ratio of hard-band to soft-band
counts, versus soft-band count rate. The open circles are the optically faint
sources, the filled circles are the optically bright sources, the filled triangles
are the BLAGN sources, and the filled squares are the luminous NLAGN. The
large stars show the average band ratios for different soft-band count rates de-
rived from stacking analyses of the optically faint X-ray sources (compare to
Figure 12 in Paper V). The error bars on each stacked band ratio show the av-
erage size of the errors for a source of the given soft-band count rate; to reduce
symbol crowding individual error bars have not been plotted. The equivalent
photon indices (Γ) are shown on the left-hand side of the figure, and the equiv-
alent column densities (NH ) for a Γ= 2.0 power-law source at z≈ 0 are shown
on the right-hand side of the figure. These values were determined using the
AO2 version of PIMMS (Mukai 2000). A trend toward flatter X-ray spectral
slopes for fainter soft-band fluxes is seen (compare to Paper V).
redshifting sources of similar absorbing column densities leads
to steeper X-ray spectral slopes at higher redshift, the probable
higher redshifts of the optically faint X-ray sources (see §6.2)
suggests that their intrinsic absorbing column densities are con-
siderably higher than those found for the luminous NLAGN. A
more detailed comparison is difficult as Chandra is more sen-
sitive to absorbed sources at high redshift than at low redshift,
and therefore poorly understood selection effects would also
need to be considered.
4.4. X-ray variability
Another key signature of AGN activity is X-ray variabil-
ity on timescales of minutes to years (e.g., Mushotzky, Done,
& Pounds 1993). As this study concerns several observations
taken over a 16-month period (see Paper V for observation dates
and exposure times), we can test whether these sources show
evidence for X-ray variability. A useful tool for detecting X-
ray variability is the K-S test (see Paper IV). Variability was as-
sessed in all the X-ray bands. We guarded against false variabil-
ity by fitting a constant model to the data points of each source
and accepting only those sources where the χ2 fit is rejected
with ≥90% confidence. The source event extraction radius was
taken to be twice the point spread function size to ensure that all
the source counts were included in the testing. To further reduce
the possibility of spurious detections of variability, we only in-
cluded those sources with more than 100 full-band counts and
where the K-S test showed evidence for X-ray variability at the
>99.5% confidence level in at least one X-ray band. We would
expect 0.14 spurious detections of variability over all bands at
this confidence level. Four of the nine (44+35−21%) optically faint
FIG. 9.— X-ray band ratio distributions of (a) the optically faint sample and
(b) the optically bright sample. Clearly a larger fraction of optically faint X-ray
sources have flat X-ray spectral slopes. The two X-ray band ratio distributions
are distinguishable according to the K-S test at the 99.4% significance level.
The solid blocks show the overlaid band ratio distribution of sources without
2σ I-band counterparts.
X-ray sources matching this criteria showed evidence for vari-
ability (see Figure 10). The evidence for variability in all
of these sources is at the >99.9% level in the soft and full
bands and at the >99% level in the hard band, with the ex-
ception of CXOHDFN J123722.7+620935 which shows evi-
dence for hard band variability at the 95.4% confidence level.
Of the three sources in Figure 7b with large hard band X-
ray-to-optical flux ratios (i.e., log( fXfI ) >> 1), only CXO-
HDFN J123651.8+621221 does not show evidence for variabil-
ity. All of the X-ray variable sources have I-band counterparts
and, with the exception of CXOHDFN J123722.7+620935, red
optical-to-near-IR colors (i.e., I−K > 3.5).
The K-S test is more sensitive to detecting variability in
bright sources. However, since the full-band flux distributions
of the optically faint and optically bright X-ray samples are sta-
tistically consistent, we can compare the fraction of variable
sources in both samples using the above criteria without undue
bias. Within the optically bright X-ray sample, 13 (45+16−12%) of
the 29 sources with more than 100 full band counts showed ev-
idence for variability with the above criteria; we would expect
0.4 spurious detections of variability over all bands at this con-
fidence level. All (i.e., 100%) of the BLAGN and two (33+44−21%)
of the six luminous NLAGN with more than 100 full band
counts were found to be variable. If the BLAGN and lumi-
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FIG. 10.— Chandra light curves for optically faint X-ray sources showing evidence of X-ray variability. The average count rate is shown for each of the individual
Chandra observations. The observations are listed in Table 1 of Paper V. The observations vary in length, and the observation spacings are not constant. Error
bars have been calculated following Gehrels (1986). The confidence level for variability in all of the sources is >99.5% in at least one X-ray band; see §4.4 for
further discussion.
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nous NLAGN sources are removed from the optically bright X-
ray sample then 5 (29+20−13%) of the 17 sources showed evidence
for variability. Therefore, although the statistics are limited,
the lower fraction of variable sources in the optically faint X-
ray sample (i.e., 44+35−21%) is more consistent with the majority
of the optically faint X-ray source population being luminous
NLAGN rather than BLAGN. These results are in good agree-
ment with the optical-to-near-IR color (§4.1) and X-ray band
ratio analyses (§4.3).
4.5. X-ray emission from galaxy clusters
We have not yet considered the possibility that the X-ray
emission from some optically faint X-ray sources is cluster
emission. Clusters can have X-ray-to-optical flux ratios as
large as those observed for some of our optically faint X-ray
sources (e.g., Stocke et al. 1991). Furthermore, the X-ray cen-
troids of some clusters are offset from their optical centroids
which can lead to even larger apparent X-ray-to-optical flux ra-
tios. We searched the optical images around our optically faint
X-ray sources, and none of the optically faint X-ray sources re-
side in an obvious cluster. Furthermore, none of the optically
faint X-ray sources show evidence for extended X-ray emis-
sion.6 Finally, the generally flat X-ray spectra of the optically
faint X-ray sources are inconsistent with the soft thermal X-ray
emission produced by clusters. According to the luminosity-
temperature relationship for clusters (e.g., Wu, Xue, & Fang
1999), a low-redshift cluster would need to have an X-ray lu-
minosity of > 3× 1044 erg s−1 in order to produce emission
as hard as that observed from our softest optically faint X-ray
sources. However, given this luminosity, a low-redshift cluster
would have an X-ray flux much larger than observed from any
of our optically faint X-ray sources. A cluster at higher redshift
would need an even higher temperature (due to the redshifting
of the X-ray spectrum) and thus an even greater luminosity ac-
cording to the luminosity-temperature relationship; there is no
self-consistent solution where a cluster can give both the ob-
served band ratio and the observed X-ray flux for an optically
faint X-ray source.
4.6. X-ray emission from optically faint Galactic objects
We have only considered the possibility that our optically
faint X-ray sources are extragalactic objects, as it is unlikely
that the optically faint X-ray source population is significantly
contaminated by Galactic objects. Considering first normal
stars, only extreme M stars could have X-ray-to-optical flux
ratios as large as those observed (e.g., Maccacaro et al. 1988),
however the generally large band ratios of our optically faint X-
ray sources are not consistent with those expected for M stars.
Isolated neutron stars can have extremely large X-ray-to-optical
flux ratios (e.g., Treves et al. 2000) and would appear as opti-
cally blank sources at the depth of our X-ray survey; however,
we would expect only≈ 0.1 detectable isolated neutron stars in
our field (e.g., Popov et al. 2000). Due to the fact that our survey
is much deeper than those performed previously, it is difficult
to rule out rigorously some contamination by a new, previously
unknown class of Galactic object. However, known Galactic
objects with large X-ray-to-optical flux ratios and hard X-ray
spectra, such as low-mass X-ray binaries and cataclysmic vari-
ables, have much lower densities on the sky than observed for
our optically faint X-ray sources (e.g., Howell & Szkody 1990;
van Paradijs 1995), especially given the high Galactic latitude
of b = 54.◦8 for our field.
5. X-RAY EMISSION FROM OTHER OPTICALLY FAINT
SOURCE POPULATIONS
In §4, we considered the nature of optically faint X-ray
sources. In this section, we investigate the X-ray properties of
two other optically faint source populations: optically faint µJy
radio sources and optically faint AGN candidate sources.
5.1. X-ray emission from the optically faint µJy radio source
population
There are 17 optically faint µJy radio sources lying within the
region of our study (Richards et al. 1999). We found six of these
sources to be positionally coincident to within 1′′ of optically
faint X-ray sources. We ran WAVDETECT (Freeman et al. 2001)
with a probability threshold of 10−5 over the positions of the
undetected optically faint µJy radio sources and detected a fur-
ther 3 sources, see Table 2; we would expect 0.001 spurious
sources in each X-ray band at this detection threshold. Three
of these nine X-ray sources have been previously reported (see
Table 2; Paper I; Paper II; Paper IV), and their flat X-ray spec-
tral slopes and/or luminous X-ray emission suggest AGN ac-
tivity. Of the 6 previously unreported sources, two have flat
radio spectra (VLA J123707+621408; VLA J123721+621130)
suggesting AGN activity (see Table 2; Richards 1999). The
radio properties of the other sources are consistent with ei-
ther AGN or starburst activity. With the exception of VLA
J123651+621221 and VLA J123707+621408, the X-ray de-
tected optically faint µJy radio sources have less than 25 full
band counts, limiting the scope of X-ray analysis. However, we
can stack the individual detections to provide a statistical mea-
sure of the X-ray spectral slope using the stacking technique de-
scribed in §3.3. Excluding the two brighter sources mentioned
above (both of which have good evidence for AGN activity),
the stacked band ratio of the other 7 X-ray detected sources is
found to be 0.97+0.18−0.16, corresponding to Γ = 0.8. This band ra-
tio is similar to that found for the optically faint X-ray source
population (see §4.3) and suggests that the origin of the X-ray
emission in the majority of the X-ray detected optically faint
µJy radio sources is obscured AGN activity. This further sug-
gests that the X-ray detected optically faint µJy radio sources
are the radio-bright analogs of the optically faint X-ray source
population, and slightly deeper radio observations should un-
cover a significanly larger fraction of the optically faint X-ray
source population.
Due to the extreme faintness of optically faint µJy radio
sources, little is known of their nature. Richards et al. (1999)
proposed that the source population could be composed of three
main source types: (1) luminous dust-enshrouded starburst sys-
tems at z ≈ 1–3, (2) luminous obscured AGN at z >∼ 2, or
(3) extreme redshift (z > 6) AGN. Sub-millimeter observations
have indeed shown that a large fraction (≈ 50%) of this ra-
dio population appear to host dusty starbursts at z ≈ 1–3 (e.g.,
Barger, Cowie, & Richards 2000; Chapman et al. 2001). Our
observations have shown that a large fraction (≈ 53+24−17%) of
the population also has detectable X-ray emission. Whilst we
have shown that the majority of the X-ray detected optically
6 The optically faint X-ray point sources CXOHDFN J123621.9+621603, CXOHDFN J123705.1+621635, and CXOHDFN J123618.4+621551 (also a µJy radio
source; see §5.1) do however lie within diffuse X-ray emission (see F.E. Bauer et al. , in preparation).
12 ALEXANDER ET AL.
faint µJy radio sources host obscured AGN activity, the detec-
tion of sub-millimeter emission in two of the X-ray detected
sources (VLA J123618+621550 and VLA J123646+621448;
see Barger, Cowie, & Richards 2000) raises the question as to
whether the X-ray emission in these two sources is due to lu-
minous star formation activity. The soft-band fluxes of these
sources are consistent with those expected from Arp 220 (e.g.,
Iwasawa et al. 2001), the archetypal dusty starburst galaxy,
at z ≈ 0.7 or from NGC 3256 (Moran, Lehnert, & Helfand
1999; Lira et al. 2001), the most X-ray luminous local star-
burst galaxy, at z ≈ 1.5. At the millimetric redshifts of these
sources (z = 1.8+0.7−0.6; VLA J123618+621550 and z = 2.3+0.8−0.7;
VLA J123646+621448; see Barger et al. 2000), any star forma-
tion emission at X-ray energies would have to be at least as
luminous as that found in NGC 3256.
There are 8 optically faint µJy radio sources in the Richards
et al. (1999) catalog with no detectable X-ray emission. We can
search for evidence of X-ray emission by stacking the individ-
ual sources in the same manner as was performed for the faint
X-ray detected sources above. The results of the stacking anal-
ysis are given in Table 3. A possible detection (at the 98.3%
confidence level) is found in the soft-band, corresponding to
an average source flux of 5× 10−18 erg cm−2 s−1, assuming
Γ = 2.0. Significant detections are not found in the full and
hard bands, giving 3σ upper limits of 2.2×10−17 erg cm−2 s−1
and 4.2× 10−17 erg cm−2 s−1, respectively. The detected soft-
band emission may be produced by AGN activity correspond-
ing to rest-frame 0.5–2.0 keV luminosities of 3× 1041 erg s−1
at z = 3 and 2× 1042 erg s−1 at z = 6. However, a large fraction
of this emission may be produced by star formation activity.
This average soft band flux corresponds to that expected from
Arp 220 at z ≈ 1.5 or NGC 3256 at z ≈ 3.0; compare to the
results found by Brandt et al. (2001c, hereafter Paper VII) for
Lyman-break galaxies. These redshifts bracket those found us-
ing the millimetric technique (z = 2; e.g., Chapman et al. 2001)
although without deeper optical, near-IR and X-ray observa-
tions we cannot distinguish between AGN and star formation
scenarios.
5.2. X-ray constraints on the optically selected AGN
candidates in the HDF-N
At the X-ray flux limit of our survey, the surface density
of the optically faint X-ray source population is ≈ 2,400+400−350
deg−2. Given the number density of 24 < I < 26 sources in
the HDF-N (e.g., Ferna´ndez-Soto, Lanzetta, & Yahil 1999),
we detect X-ray emission from ≈ 1.0% of the optically faint
source population; this should be considered an upper limit as
a fraction of our sources probably have I > 26. The estimated
fraction of optically selected AGN within the field galaxy pop-
ulation ranges from at least ≈ 2–10% (e.g., Huchra & Burg
1992; Tresse et al. 1996; Ho et al. 1997; Hammer et al. 1997),
suggesting that a large fraction of optically faint AGN have
not yet been detected in our Chandra observation. Within the
HDF-N itself, Jarvis & MacAlpine (1998) identified 12 can-
didate optically faint high-redshift AGN (see their Table 1)
and Conti et al. (1999) identified 8 candidate optically faint
moderate-redshift AGN (see their Table 4). None of these
sources have been detected individually with X-ray emission
(see also Paper II); however, as these sources are extremely
faint [F814W = 26.1± 0.7 for the Jarvis & MacAlpine (1998)
sources and F814W = 26.4± 0.3 for the Conti et al. (1999)
sources], the upper limits on their X-ray-to-optical flux ratios
are still consistent with AGN activity (see Figure 7).
We can place tighter constraints on their X-ray emission
properties by stacking the individual sources in the same man-
ner as was performed for the optically faint µJy radio sources
in §5.1. The results of the stacking analyses are given in Ta-
ble 3.7 We do not obtain a significant detection in any X-ray
band for either of the candidate source lists. Assuming a typ-
ical AGN X-ray power-law of Γ = 2.0, the 3σ soft-band up-
per limits are ≈ 5× 10−18 erg cm−2 s−1 for both the Jarvis &
MacAlpine (1998) and Conti et al. (1999) candidates. We can
place constraints on the average luminosity of these sources
as they all have photometric redshifts in the Ferna´ndez-Soto,
Lanzetta, & Yahil (1999) catalog. The average redshifts are
z = 3.4± 1.4 for the Jarvis & MacAlpine (1998) sources and
z = 1.7±0.1 for the Conti et al. (1999) sources.8 The soft-band
upper limits correspond to average rest-frame 0.5–2.0 keV lu-
minosities of < 4× 1041 erg s−1 for the Jarvis & MacAlpine
(1998) sources and < 1×1041 erg s−1 for the Conti et al. (1999)
sources. Therefore, any AGN activity must be intrinsically
weak, in agreement with the low optical luminosities of the
sources (MB < −20, Jarvis & MacAlpine 1998; MV < −17,
Conti et al. 1999; compare to Ho et al. 1997; 2001). Of course,
the lack of X-ray emission is also consistent with no AGN activ-
ity in some, or all, of these objects. Significantly deeper Chan-
dra observations (≈ 5 Ms) are required to distinguish between
these possibilities.
6. DISCUSSION
The X-ray-to-optical flux ratios (see §4.2) of the optically
faint X-ray sources suggest the X-ray emission is due to AGN
activity in the majority of cases. The red optical-to-near-IR
colors (see §4.1) suggest the majority of the optically faint X-
ray sources are not normal BLAGN and reside in comparitively
normal galaxies that are either dust extincted and/or lie at z > 1.
The flat X-ray spectral slopes (see §4.3) and comparitively low
incidence of X-ray variability (see §4.4) further suggests that
AGN activity is obscured in the majority of the sources. As
some optically faint X-ray sources are among the brightest X-
ray sources detected, an appreciable fraction of the optically
faint X-ray sources could be luminous obscured QSOs.
Many X-ray background synthesis models predict a large
number of luminous obscured QSOs (i.e., LX > 3× 1044 erg
s−1) at high redshift (e.g., Wilman, Fabian, & Nulsen 2000;
Gilli et al. 2001), and obscured QSOs are expected within the
unified model for AGN (e.g., Antonucci 1993). However, the
number of confirmed obscured QSOs in the local Universe is
small (e.g., Halpern et al. 1999; Franceschini et al. 2000; and
references therein). At higher redshifts the situation is more
promising as probable obscured QSOs have been detected in
the Chandra Abell 1835 and Abell 2390 cluster fields and
the Chandra Deep Field surveys (Crawford et al. 2000; Fabian
et al. 2000; Paper I; Cowie et al. 2001; Norman et al. 2001).
With the exception of the candidate obscured QSO in the Chan-
dra Deep Field South (Norman et al. 2001) and some of the pos-
sible obscured QSOs in the cluster fields (Crawford et al. 2000),
the candidate obscured QSOs are optically faint. Therefore, if a
large number of obscured QSOs exist, many are likely be found
7 The Conti et al. (1999) source 94 lies too close to an X-ray source to be used in the stacking analysis.
8 Two of the Jarvis & MacAlpine (1998) sources have estimated redshifts of z≈ 0.4; omitting these sources gives z = 4.0±0.4.
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within the optically faint X-ray source population. If the ori-
gin of the obscuration in these sources is absorption from gas
and dust, they should produce powerful infrared emission and
may contribute significantly to the infrared background radia-
tion (e.g., Puget et al. 1996; Schlegel et al. 1998).
In this section we review the redshifts of the most intensively
studied optically faint X-ray sources to date, determine the red-
shift range of the optically faint X-ray sources, place constraints
on the fraction of obscured QSOs within the optically faint X-
ray population, and estimate their infrared fluxes.
6.1. Redshifts of well-studied optically faint X-ray sources
The redshifts of optically faint X-ray sources are almost com-
pletely unknown. To date, only three optically faint X-ray
sources have optical spectroscopic redshifts (CDFS J033208.3-
274153 at z = 2.453; CXOHDFN J123633.5+621418 at z =
3.403; CXOHDFN J123642.1+621332 at z = 4.424); the first
source is in the Chandra Deep Field South survey (Schreier
et al. 2001) and the latter two sources are within our opti-
cally faint X-ray source sample (see §3.1). The two op-
tically faint X-ray sources with radio and sub-millimeter
emission reported in §5.1 have millimetric redshifts (CXO-
HDFN J123618.4+621551 has z = 1.8+0.7−0.6 and CXOHDFN
J123646.1+621449 has z = 2.3+0.8−0.7; see Barger et al. 2000).
There are also two optically faint X-ray sources with multi-
band photometric redshifts: the z = 2.6+0.1−0.2, I = 25.9 (cor-
rected for cluster lensing) source CXOU J215333.2+174211
(Cowie et al. 2001) and the z≈ 2.7, I = 25.8 source CXOHDFN
J123651.8+621221 (Dickinson 2000; Budava´ri et al. 2000; Pa-
per I).9 The latter source is also within our optically faint X-ray
sample. Both of these sources have been reported as obscured
QSO candidates (Paper I; Cowie et al. 2001; Paper IV) although
a photometric redshift fit for CXOHDFN J123651.8+621221
has never been published. Below we present our photometric
redshift estimate of CXOHDFN J123651.8+621221 using the
publicly available photometric redshift code HYPERZ Version
1.1 (Bolzonella, Miralles, & Pello´ 2000).10
The optical-to-near-IR photometry for CXOHDFN
J123651.8+621221 was provided by M. Dickinson 2000, pri-
vate communication. As CXOHDFN J123651.8+621221 is not
in the Williams et al. (1996) catalog11; we determined the un-
certainties in the magnitudes for each waveband from sources
of similar magnitudes (±0.1 mags) in the Ferna´ndez-Soto,
Lanzetta, & Yahil (1999) HDF-N source catalog. In performing
the photometric redshift fitting, we used all the spectral tem-
plates provided with HYPERZ and allowed up to 1 mag of visual
extinction. The best photometric redshift solution is found to
be a young (∼1.4 Gyr old) elliptical galaxy at z = 2.75+0.13−0.20
with 1 mag of visual extinction (see Figure 11); the uncer-
tainities in the redshift determination correspond to the 90%
confidence level. The fit is best constrained by the 4000 A˚
break, which falls between the J-band and H-band, and the
Lyman limit, which enters the F300W band and explains the
non-detection of the source in that band. Similar fits in the same
redshift range, although at a lower confidence level, were found
for different spectral templates and different visual extinction
constraints. Assuming z = 2.75 and the column density of
FIG. 11.— The best-fitting photometric redshift solution for the HDF-N
optically faint source CXOHDFN J123651.8+621221 found using HYPERZ
Version 1.1 (Bolzonella, Miralles, & Pello´ 2000). The solid curve shows the
best-fit galaxy model, and the filled circles show the source photometry, (pro-
vided by M. Dickinson 2000, private communication). The uncertainties in
the band magnitudes are the average measured uncertainties for sources in the
Ferna´ndez-Soto, Lanzetta, & Yahil (1999) HDF-N catalog with similar band
magnitudes (±0.1 mag). The best-fit galaxy model is a young (∼1.4 Gyr old)
elliptical galaxy with 1 mag of extinction at z = 2.75+0.13−0.20; the uncertainties in
the redshift determination correspond to the 90% confidence level.
absorption given in Paper IV, CXOHDFN J123651.8+621221
would have an unabsorbed 0.5–8.0 keV rest frame luminosity
of ≈ 3× 1044 erg s−1, consistent with its obscured QSO status.
The redshift, I-band magnitude and X-ray luminos-
ity of CXOHDFN J123651.8+621221 are similar to those
of CXOU J215333.2+174211 (Cowie et al. 2001), suggest-
ing they are very similar objects. By comparison
CDFS J033208.3–274153 (Schreier et al. 2001), CXOHDFN
J123642.1+621332 (Waddington et al. 1999; Paper IV), CXO-
HDFN J123618.4+621551and CXOHDFN J123646.1+621449
are less luminous at X-ray energies and, unless their X-ray
emission is Compton thick, are not obscured QSOs. CXO-
HDFN J123633.5+621418 is a BLAGN (see §3.1), has com-
paritively blue colors (I−K < 3.0) and a steep X-ray spectral
slope typical of BLAGN (i.e., Γ = 1.7; see Table 2). Hence, be-
cause the majority of the optically faint X-ray sources have red
optical-to-near-IR colors and/or flat X-ray spectral slopes, we
do not believe that CXOHDFN J123633.5+621418 is a typical
optically faint X-ray source.
Based on this limited sample, two (29+38−18%) of the seven op-
tically faint X-ray sources with redshifts are probably obscured
QSOs.
6.2. Optically faint X-ray source redshift estimation
Although we do not have sufficient photometric information
to determine the redshifts of the optically faint X-ray sources
on a source-by-source basis, we can estimate the probable
9 There are two ROSAT Ultra-Deep Survey sources that fall just outside our definition of an optically faint source and have 23.5 < I < 24; these sources have
photometric redshifts of z = 1.9 and z = 2.7 (Lehmann et al. 2001).
10 This code is available at http://webast.ast.obs-mip.fr/hyperz/.
11 This source lies close to a bright optical galaxy and was discovered in the radio (Richards et al. 1999) and near-IR wavebands (Dickinson et al. 2000) before it was
identified at optical wavelengths.
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FIG. 12.— Chandra source redshifts compared to the redshifts for different
source types. The small dots are the Chandra sources with spectroscopic red-
shifts, the filled triangles are the BLAGN, the filled squares are the luminous
NLAGN, the open circles are optically faint X-ray sources with spectroscopic
or photometric redshifts (see §6.1), and the stars are optically faint X-ray
sources with millimetric redshifts (see §5.1). The filled circles are the average
spectroscopic redshifts for the I < 23 Chandra sources; the width of each mag-
nitude bin is shown as bars in the x-axis direction. The crosses are the average
photometric redshifts for optical sources in the HDF-N (from Ferna´ndez-Soto,
Lanzetta, & Yahil 1999). The solid, long-dashed and short-dashed curves are
the redshift tracks of MI =−23 E, Sa and Sc host galaxies. The dotted curve
is the redshift track of an MI = −23 QSO. The galactic K-corrections were
taken from Poggianti (1997), and the QSO K-corrections were calculated with
the QSO spectrum used in Figure 6. This figure suggests that if the optically
faint X-ray sources are the high-redshift analogs of the optically bright X-ray
sources, the majority should lie at z ≈ 1–3; compare to Figure 7 of Barger
et al. (2001a).
redshift range from a comparison to the properties of the op-
tically bright X-ray sources. In Figure 12 we have plotted the
spectroscopic redshifts of the I < 23 X-ray sources versus I-
band magnitude (79% of these sources have spectroscopic red-
shifts); for the non-BLAGN sources we have calculated the av-
erage redshift for each optical magnitude between I = 18 and
I = 23. As a comparison to these data we have plotted the aver-
age photometric redshift for optical field galaxies for each opti-
cal magnitude between I = 18 and I = 26 using the Ferna´ndez-
Soto, Lanzetta, & Yahil (1999) database of HDF-N photomet-
ric redshifts. We have also plotted the expected redshifts for
MI = −23 spiral and elliptical host galaxies and an MI = −23
normal QSO.12
Based on our analysis in §4, we suggested that the major-
ity of the optically faint X-ray sources are obscured AGN. The
optical emission from an obscured AGN is dominated by the
emission from the host galaxy and therefore has little bearing
on the power of the X-ray source. However, as can be seen in
Figure 12, the optically bright luminous NLAGN sources fol-
low the track expected for an MI = −23 host galaxy, show-
ing that luminous obscured AGN reside in moderately lumi-
nous host galaxies. Assuming this trend continues to fainter
optical magnitudes, the range in redshifts for the majority of
the optically faint X-ray source population should be z ≈ 1–3.
This redshift range is in agreement with the red optical-to-near-
IR colors of the majority of the optically faint X-ray sources
(§4.1) and the redshifts of the sources in §6.1; this analysis is
similar to that performed by Barger et al. (2001a), and quantita-
tively similar conclusions are reached. However, CXOHDFN
J123642.1+621332 lies at a substantially higher redshift and
shows that there can be exceptions.
Based on a simple hierarchial cold dark matter model and
using constraints from the QSO X-ray luminosity function,
Haiman & Loeb (1999) predicted ≈ 15 QSOs (i.e., LX > 1044
erg s−1) at z >∼ 6 at the depth and area of our survey. Any source
at z >∼ 6 would have extremely weak I-band emission due to
Lyman-α leaving the I-band and consequently very red optical-
to-near-IR colors (see Figure 6); an example of this is the i′-
band drop-out source SDSSp J104433.04–012502.2 which lies
at z = 5.8 (Fan et al. 2000) and has i′ − K = 4.8. We have
15 optically faint X-ray sources without I-band counterparts,
exactly the number of z >∼ 6 sources predicted by Haiman &
Loeb (1999). While none of these sources shows evidence
for shorter wavelength counterparts in the Hogg et al. (2000)
Un,Gr, R -band images or the Barger et al. (1999) B and V -band
images, these images are not sufficiently deep enough to pro-
vide strong constraints. However, it is unlikely that all of these
sources lie at z >∼ 6 based on three simple constraints. First, the
z≈ 2.75 optically faint source in the HDF-N itself (CXOHDFN
J123651.8+621221; see §6.1) has I = 25.8, 0.5 mags below the
2σ I-band limit of the majority of our sources and would prob-
ably appear optically blank if it lay outside the HDF-N.13 Al-
though the statistics are limited, based on the area of the HDF-
N itself, we would expect ≈ 13 such sources within our whole
field, very similar to the number of actual optically blank X-ray
sources found. Second, the optically blank X-ray source CX-
OHDFN J123615.9+621516 appears to be associated with an
optically faint X-ray source (see Figure 3 and §3.1). Given the
low surface density of optically faint X-ray sources the proba-
bility of a chance coincidence is extremely low (≈ 0.1%) and
therefore it is likely that the optically blank X-ray source lies at
the same redshift as the optically faint X-ray source and hence
at z < 6. Third, K-S tests of the X-ray band ratio and full-band
flux distributions give 83% and 7% probabilities, respectively,
that the optically blank and optically faint distributions are con-
sistent (see Figure 4 and Figure 9). The consistency between the
X-ray band ratio distributions suggests that both source popula-
tions contain the same object types (i.e., mostly obscured AGN)
12 MI <−23 is equivalent to the classical QSO threshold of MB <−22.3 (Schmidt & Green 1983), adjusted to our assumed cosmology.
13 We also note that the optically faint source CXOU J215333.2+174211 (Cowie et al. 2001) in the Abell 2390 lensing cluster has I = 25.9 and would also probably
appear optically blank in our survey.
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whilst the lower probability of consistency for the full-band flux
distribution is probably due to the fact that the optically blank
X-ray sources lie at fainter X-ray fluxes (see Figure 4). This
evidence suggests that the majority of the optically blank X-
ray sources are the extension of the optically faint X-ray source
population to fainter I-band magnitudes.
6.3. Limits on the number of obscured QSOs in the optically
faint X-ray source population
On the assumption that the majority of the optically faint X-
ray sources are obscured AGN at z = 1–3, we can constrain the
number of obscured QSOs by determining the minimum red-
shift for each optically faint X-ray source to produce a QSO lu-
minosity in the X-ray band. For our analysis here, the adopted
luminosity threshold for a QSO source is a rest-frame, full-
band, unabsorbed X-ray luminosity of > 3× 1044 erg s−1.
In Figure 13 we show the minimum redshift distribution for
all the optically faint X-ray sources to produce an unabsorbed
QSO luminosity. The effect of absorption on the observed X-
ray flux has been corrected for on a source-by-source basis as-
suming that the observed X-ray spectral slope is due to absorp-
tion of an underlying Γ= 2.0 power law. The full range of mini-
mum redshifts is broad (1< z < 10); see also Table 1. From this
estimation there can be 8 (17+8−6%) obscured QSOs with z ≤ 3
and two (4+5−3%) obscured QSOs with z ≤ 2.0 in the optically
faint sample. However, this determination was made assum-
ing the X-ray emission is obscured but seen directly. If some
of these sources have Compton-thick absorption then the ob-
served X-ray emission will be predominantly reflected, and the
intrinsic X-ray luminosity could be at least an order of magni-
tude higher (e.g., Bassani et al. 1999). Indeed, observations of
local obscured AGN suggest that ≈ 50% of the sources have
Compton-thick absorption (e.g., Risaliti, Maiolino, & Salvati
1999). Of the two most convincing obscured QSO candidates,
IRAS 09104+4109 (Franceschini et al. 2000; Iwasawa, Fabian,
& Ettori 2001) almost certainly has Compton-thick absorption,
and CDF-S 202 (Norman et al. 2001) possibly has Compton-
thick absorption. In Figure 13 we also show the distribution of
minimum redshifts for all the optically faint sources to produce
a QSO X-ray luminosity assuming that each source is Comp-
ton thick. In this determination we have simply assumed that
the scattering efficiency is 10% (e.g., Bassani et al. 1999) and
that the scattered emission is not itself obscured. The full range
of redshifts in this scenario is 1 < z < 6. From this estimation
21 (45+12−10%) of the sources could be obscured QSOs at z ≤ 3
and 9 (19+9−6%) could be obscured QSOs at z ≤ 2.0. If ≈ 50%
of the sources have Compton-thick absorption then the fraction
of obscured QSOs will be somewhere between those given for
the Compton-thin and Compton-thick cases. This is in reason-
able agreement with our estimation based on a small sample of
7 optically faint X-ray sources with determined redshifts (i.e.,
29+38−18%; see §6.1).
Clearly a fraction of the optically faint X-ray source popula-
tion are likely to be obscured QSOs. The population synthesis
model of Gilli et al. (2001) predicts that obscured QSOs con-
tribute ≈ 30% of the hard X-ray background. We do not find
good agreement with this prediction as the optically faint X-ray
source population only contributes ≈ 21% of the hard X-ray
background and only a fraction of these sources are likely to
be obscured QSOs. However, this 1 Ms observation has not
fully resolved the hard X-ray background and the on-going op-
tical spectroscopic identifications of the optically bright X-ray
FIG. 13.— The distribution of minimum redshifts for the optically faint
X-ray sources required to produce a rest-frame, full-band, unabsorbed X-ray
luminosity of 3×1044 ergs s−1 for (a) Compton thin sources and (b) Compton
thick sources; a scattering efficiency of 10% is assumed. The vertical dotted
line shows the minimum redshift for an I-band drop-out source.
sources may also reveal a number of obscured QSOs.
On the assumption that the optical magnitude implies the
source redshift, the most promising obscured QSO candidates
for I = 24–25 in our survey are those sources with hard band
fluxes > 3× 10−15 erg cm−2 s−1 (see Figure 7b). Moderate
depth, wide area surveys such as CHAMP (Wilkes et al. 2001)
could therefore provide tighter constraints on the number of ob-
scured QSOs in this optical magnitude range. Assuming all ob-
scured QSOs have large X-ray to optical flux ratios, very deep
optical observations (i.e., I = 26–28) will be required to deter-
mine the optical counterparts of optically faint obscured QSOs
at the flux limit of this survey.
6.4. Infrared emission from optically faint X-ray sources
According to the unified model for AGN (e.g., Antonucci
1993), the origin of the absorption in obscured AGN is gas and
dust within a circum-nuclear optically thick torus. In this model
the ultraviolet and X-ray emission from the central AGN source
heats the dust within the torus which re-emits this radiation in
the infrared band (e.g., Pier & Krolik 1993; Granato & Danese
1994; Efstathiou & Rowan-Robinson 1995). If the optically
faint X-ray sources are obscured AGN, they therefore should
also produce powerful infrared emission.
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The only two optically faint X-ray sources (CXOHDFN
J123642.1+621332 and CXOHDFN J123651.8+621221; see
§6.1) within the most sensitive ( <∼ 50 µJy) area of the deep
ISOCAM HDF-N observation (Aussel et al. 1999) have faint
15 µm counterparts (e.g., Waddington et al. 1999; Paper II; Pa-
per IV). Eleven other optically faint X-ray sources lie within 2′
of the center of the ISOCAM HDF-N field (see Figure 1); these
sources are not detected but have upper limit fluxes (< 200 µJy)
that are a factor of ≈ 4 greater than the fluxes of the two de-
tected sources. The hard X-ray (HX) to mid-IR (MIR) flux
ratios of the detected sources (log( fHXfMIR ) = –5 to –7) are con-
sistent with that expected from AGN activity (e.g., Alexander
et al. 2001), suggesting that the infrared emission is produced
by hot-dust emission within the dusty tori in these sources.
The ISOCAM HDF-N observation is one of the three deep-
est 15 µm observations ever conducted; the other two deep
15 µm observations were taken in the Abell 2390 lensing clus-
ter region (Le´monon et al. 1998) and the HDF-S field (Oliver
et al. 2001). The Abell 2390 lensing cluster region contains
the optically faint X-ray source CXOU J215333.2+174211 (see
§6.1) which is detected at both 6.7 µm and 15 µm (Cowie
et al. 2001); the infrared emission from this source is also con-
sistent with that expected from a dusty torus (Wilman, Fabian,
& Gandhi 2000; Crawford et al. 2001). Assuming an average
flux ratio of log( fHXfMIR ) = –6, the optically faint X-ray sources
should have 15 µm fluxes in the range ≈ 10–450 µJy. Sources
with brighter X-ray fluxes or larger log( fHXfMIR ) flux ratios would
have 15 µm fluxes at the > 1 mJy level. The combination of
shallow, wide-area Chandra and XMM-Newton surveys with
infrared surveys, such as the European Large Area ISO Sur-
vey (Oliver et al. 2000) and the SIRTF (Fanson et al. 1998) First-
Look Survey, could therefore be efficient ways of detecting X-
ray bright obscured QSOs.14 To detect typical optically faint
X-ray sources will require deeper infrared observations. Based
on the sensitivity figures of Brandl (2000), a 2 ks SIRTF obser-
vation in the 24 µm MIPS band will detect a source at the 5σ
level with a 24 µm flux density of≈ 100 µJy. A typical optically
faint X-ray source should be detected at this level, assuming the
spectral energy distribution (SED) of NGC 6240 (see below).
At longer wavelengths, the discovery of a “Cosmic Far-
Infrared Background” between 140–240 µm (e.g., Puget
et al. 1996; Schlegel et al. 1998) has fueled great interest in the
amount of dust-obscured activity in the Universe. While it is
believed that a large fraction of this background emission is
produced by star-forming galaxies (e.g., Puget et al. 1999; Ju-
vela et al. 2000; Scott et al. 2000), a non-negligible fraction may
also be produced by AGN (e.g., Almaini, Lawrence, & Boyle
1999). As the SEDs of AGN and star-forming galaxies peak
at ≈ 60–100 µm, the K-correction for sources at redshifts of
z = 1–3 is negative over the ≈ 140–240 µm far-IR background
band (e.g., Blain & Longair 1996; Puget et al. 1999). Therefore,
if the majority of the optically faint X-ray source population lie
at z = 1–3, they may contribute significantly to the far-IR back-
ground emission.
Although we have constraints on the mid-IR emission of op-
tically faint X-ray sources, the production of the far-IR emis-
sion is not necessarily related to the AGN itself (e.g., Alexander
2001). Indeed, the tight radio-to-far-IR correlation of galaxies
(e.g., Helou et al. 1985; Wunderlich et al. 1987) suggests that
the far-IR emission in galaxies is produced by star-formation
activity, even in many AGN sources. As the radio-to-far-IR
correlation gives an estimate of the far-IR flux within the 40–
120 µm band, we require an SED to determine the far-IR emis-
sion at other wavelengths. For our determination here we have
chosen the SED of the luminous infrared galaxy NGC 6240;
this galaxy shows evidence for both obscured AGN and star
formation activity and has been used in other studies to de-
termine the properties of sources detected in deep X-ray sur-
veys (e.g., Hasinger 2000; Barger et al. 2001a). The nuclear
X-ray emission of NGC 6240 is obscured by Compton-thick
material and, with a 2–10 keV luminosity > 1044 erg s−1 (Iwa-
sawa & Comastri 1998; Vignati et al. 1999), it is a candidate
obscured QSO. To determine how appropriate this galaxy is
to optically faint X-ray sources, we have compared the SED
of NGC 6240 to the multi-wavelength properties of CXO-
HDFN J123651.8+621221, our best-studied optically faint X-
ray source (see Figure 14); the fluxes of NGC 6240 have
been adjusted to show its emission at z = 2.75. Although we
cannot determine whether this SED is appropriate for the en-
tire optically faint X-ray source population, the predicted sub-
millimeter fluxes ( f850µm≈ 0.5–2.0 mJy) are consistent with the
low detection rate of bright sub-millimeter emission from X-ray
sources (e.g., Fabian et al. 2000; Paper I–II; Barger et al. 2001,
2001b).
NGC 6240 and CXOHDFN J123651.8+621221 are clearly
very similar, although CXOHDFN J123651.8+621221 is ≈ 2–
4 times more luminous in the X-ray and radio bands (see Fig-
ure 14). The differences in the X-ray emission at the lower
energies are mainly due to absorption, as suggested by a com-
parison of the model fits to the X-ray emission of both sources
(Vignati et al. 1999; Paper IV), and the X-ray spectral slopes
are consistent at higher energies where the effect of absorp-
tion is less severe. The spectral slopes of the radio emis-
sion for both sources are α ∼ 0.7 (where Fν ∝ ν−α), the typ-
ical spectral slope for both normal galaxies and radio-quiet
AGN. From the radio-to-far-IR correlation given in Barger
et al. (2001a), we calculate a far-IR luminosity for CXOHDFN
J123651.8+621221 of 3× 1046 erg s−1, a factor of ≈ 4 times
greater than that of NGC 6240. Based on this far-IR luminosity,
CXOHDFN J123651.8+621221 would be considered an Ultra-
Luminous Infrared Galaxy (ULIRG; e.g., Sanders et al. 1988;
Genzel et al. 1998); see also Paper II. The deepest far-IR back-
ground source identification surveys to date have been per-
formed with ISOPHOT in the 175 µm band. At the 5σ sen-
sitivity of these surveys ( f175µm ≈ 75–120 mJy; e.g., Kawara
et al. 1998; Puget et al. 1999; Juvela, Matilla, & Lemke 2000),
≈ 10% of the far-IR background has been resolved. The esti-
mated flux of CXOHDFN J123651.8+621221 at 175 µm is ≈ 5
mJy, over an order of magnitude below the 5σ sensitivity of
the current ISOPHOT 175 µm surveys and possibly close to the
resolution limit of the far-IR background (Puget et al. 1999).
The eight other optically faint X-ray sources with 1.4 GHz
radio counterparts (see §5.1) have either radio fluxes within a
factor ≈ 3 of that found for CXOHDFN J123651.8+621221
or clearly have a significant AGN contribution to their radio
emission (e.g., CXOHDFN J123642.1+621332; CXOHDFN
J123707.2+621408; CXOHDFN J123721.2+621130); some of
these sources may be brighter at far-infrared wavelengths than
CXOHDFN J123651.8+621221 but should have 175 µm fluxes
< 20 mJy. Assuming a redshift range of z = 1–3, the upper-
limit far-IR luminosities for sources not detected with radio
14 Details of the First-Look Survey can be found off the SIRTF home-page at http://sirtf.caltech.edu/.
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FIG. 14.— A comparison between the multi-wavelength properties of CXO-
HDFN J123651.8+621221 and the SED of the luminous infrared galaxy NGC
6240. The filled circles show the data for CXOHDFN J123651.8+621221,
and the crosses show the data for NGC 6240. The radio, sub-millimeter and
infrared data for CXOHDFN J123651.8+621221 were taken from Richards
(2000), Barger, Cowie, & Richards (2000), and Aussel et al. (1999), respec-
tively. The radio, sub-millimeter and infrared data for NGC 6240 were taken
from Colbert et al. (1994), Lisenfeld et al. (2000), and Klass et al. (1997), re-
spectively; the optical and near-IR data were taken from de Vaucouleurs
et al. (1991) and Spinoglio et al. (1995) respectively. The solid curves show
the photometric redshift model for CXOHDFN J123651.8+621221 (see Fig-
ure 11) in the optical-to-near-IR bands and the best fit absorbed power-law
emission model for CXOHDFN J123651.8+621221 (Paper IV) in the X-ray
band. The dotted lines show the power-law emission of NGC 6240 in the radio
(Colbert et al. 1994), the modified black-body emission models (the dust tem-
peratures are indicated) for NGC 6240 in the infrared band (Klass et al. 1997),
and the best fit absorbed power-law emission model for NGC 6240 in the X-ray
band (Vignati et al. 1999). The flux densities of the observations and models
for NGC 6240 have been adjusted to z = 2.75; therefore this figure shows the
respective luminosities of NGC 6240 and CXOHDFN J123651.8+621221 over
the full radio-to-X-ray wavelength range.
emission range from≈ (0.1–2.2)×1046 erg s−1, and any source
with z >∼ 1.6 could be a ULIRG. Following the same analy-
sis as for CXOHDFN J123651.8+621221, the 175 µm fluxes
are 6–3 mJy for z = 1–3. Therefore, on the assumption that
the SED of NGC 6240 is appropriate for the other optically
faint X-ray sources, it appears unlikely that any of the opti-
cally faint X-ray sources will be detected at the limit of the
current ISOPHOT 175 µm surveys. We note, however, that
any optically faint X-ray source with a bright sub-millimeter
counterpart ( f850µm > 3 mJy) could produce significant far-IR
emission. For example, the two X-ray detected sub-millimeter
sources reported in §5.1 could have 175 µm fluxes of≈ 50 mJy.
The estimated flux level of the optically faint X-ray sources
is within that achievable by SIRTF in the 160 µm MIPS band as-
suming no source confusion; however, in practice most obser-
vations will suffer source confusion before reaching these faint
flux levels. Assuming the SED of NGC 6240, the estimated
70 µm fluxes of the optically faint X-ray sources range from
0.5–2.0 mJy. Based on the sensitivity predictions of Brandl
(2000), these sources should be detectable by SIRTF at the 5σ
level in the 70 µm MIPS band with > 3.5 ks exposures.
7. CONCLUSIONS
We have used a 1 Ms Chandra exposure of the Hubble Deep
Field North (HDF-N) region and 8.4′ × 8.4′ area within the
Hawaii flanking-field region to provide constraints on the na-
ture of optically faint (I ≥ 24) X-ray sources. Our main results
are the following:
(i) We have detected 47 (33% of all the X-ray sources in
this survey; a source density of ≈ 2,400+400−350 deg−2) optically
faint X-ray sources. These sources contribute ≈ 14% of the
X-ray background in the soft band and ≈ 21% of the X-ray
background in the hard band. The fraction of optically faint
sources within the X-ray source population appears to be ap-
proximately constant (at ≈ 35%) for full-band fluxes between
3×10−14 erg cm−2 s−1 and≈ 2×10−16 erg cm−2 s−1. See §3.
(ii) The large X-ray-to-optical flux ratios, red optical-to-near-
IR colors, flat X-ray spectral slopes, and X-ray variability prop-
erties of the optically faint X-ray sources suggest that obscured
AGN activity is present in the majority of cases. Assuming
the optically faint X-ray source population is the high-redshift
analog of the optically bright X-ray source population, the ma-
jority of the optically faint X-ray source population should lie
at z = 1–3. From these results we calculate that a significant
fraction (≈ 5–45%) of optically faint X-ray sources could be
obscured QSOs (rest-frame unabsorbed 0.5–8.0 keV luminos-
ity > 3× 1044 erg s−1) at z ≤ 3; from the analysis of a small
sample of 7 optically faint X-ray sources with redshifts, two
(29+38−18%) are probably obscured QSOs. All but ≈ 15 of the
optically faint X-ray sources have 2σ I-band counterparts, and
hence there are unlikely to be more than ≈ 15 sources at z > 6.
We provide evidence that the true number of z > 6 sources is
likely to be considerably lower. There are unlikely to be many
optically faint Galactic sources or clusters of galaxies within
our sample of optically faint X-ray sources. See §4 and §6.1–
6.3.
(iii) We determine the photometric redshift of one source,
CXOHDFN J123651.8+621221, with seven band photometry
to be z = 2.75+0.13−0.20. We find the radio-to-X-ray properties
of this source to be similar to those of the luminous infrared
galaxy NGC 6240, although CXOHDFN J123651.8+621221
is ≈ 2–4 times more luminous in the X-ray and radio bands.
Based purely on its calculated far-IR luminosity, CXOHDFN
J123651.8+621221 would be considered a ULIRG. See §6.1
and §6.4.
(iv) We estimate that the vast majority of the optically faint
X-ray sources have faint 175 µm (≈ 3–6 mJy) counterparts;
however, sources with bright sub-millimeter counterparts (i.e.,
f850µm > 3 mJy) could have substantially brighter 175 µm
fluxes. Therefore, the estimated 175 µm fluxes of a typical opti-
cally faint X-ray source will be approximately an order of mag-
nitude below that achieved by the current 175 µm ISOPHOT
surveys. Hence these sources are unlikely to contribute signifi-
cantly to the far-IR (140–240 µm) background radiation. How-
ever, the only two optically faint X-ray sources within the most
sensitive region of the ISOCAM HDF-N survey do have faint
( <∼ 50 µJy) counterparts at 15 µm; the hard-band X-ray to mid-
IR flux ratios of these sources are consistent with that expected
from an AGN source. These results suggest moderate-to-deep
24 µm and 70 µm SIRTF observations should detect a large
number of optically faint obscured QSO sources. X-ray obser-
vations will provide the most direct determination of obscured
QSO activity. See §6.4.
(v) Nine of the optically faint X-ray sources have µJy ra-
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dio source counterparts; this is ≈ 53+24−17% of the optically faint
µJy radio source sample in our area. The nature of the X-ray
emission from the majority of these detected sources is clearly
obscured AGN activity. Two sources are also detected at sub-
millimeter wavelengths. The nature of the X-ray emission in
these sources could be luminous star formation activity. A
stacking analysis of the X-ray undetected µJy radio sources
yields a possible detection (at 98.3% confidence) in the soft
band. This emission may be produced by star formation ac-
tivity from Arp 220-like sources at z ≈ 1.5 or NGC 3256-like
sources at z≈ 3.0. See §5.1.
(vi) None of the optically selected AGN candidates in the
HDF-N itself has been detected either individually or with a
stacking analysis. This suggests that these sources have low X-
ray luminosities, in general agreement with their absolute op-
tical magnitudes. Significantly deeper Chandra observations
(≈ 5 Ms) are required to uncover any normal AGN activity
within these sources. See §5.2.
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TABLE 1
OPTICALLY FAINT X-RAY SOURCE PROPERTIES
Coordinates Counts Band Flux QSO redshift
α2000 δ2000 Ia I−Kb FBc SBc HBc Ratiod Γe FBf SBf HBf C.-thing C.-thickh
12 36 13.07 +62 12 24.1 24.7 <3.6 74.2±11.1 23.0±6.7 53.9±9.8 2.39+1.08
−0.69 0.01 2.04 0.13 2.03 >3.1 >2.3
12 36 14.11 +62 10 17.4 >25.3 − 25.4±9.2 7.3±5.8 15.2±7.9 2.12+8.41
−1.44 0.10 0.59 0.04 0.49 >4.9 >3.6
12 36 14.45 +62 10 45.6 24.2 <3.1 84.2±12.2 18.7±6.7 66.7±11.0 3.59+2.10
−1.12 -0.28 2.30 0.09 2.32 >2.7 >2.2
12 36 15.89 +62 15 15.5 >25.3 >4.2 81.5±18.7 <20.7 71.9±20.7 >3.52 <-0.26 2.19 <0.10 2.48 >2.7 >2.3
12 36 16.03 +62 11 07.9 24.6 3.9 656.8±28.6 218.2±16.5 439.6±23.7 2.03+0.20
−0.18 0.13 14.94 1.07 13.99 >1.3 >1.0
12 36 16.11 +62 15 13.5 24.3 2.8 95.6±21.2 25.9±17.2 43.4±14.0 1.70+3.40
−0.87 0.28 1.99 0.13 1.32 >3.0 >2.1
12 36 19.18 +62 14 41.6 24.4 <3.3 335.6±20.8 239.3±17.2 93.7±11.9 0.40+0.06
−0.06 1.64 3.31 1.19 2.08 >2.7 >1.3
12 36 20.52 +62 12 38.1 24.7 4.6 29.4±7.9 16.3±5.8 15.0±6.3 0.93+0.65
−0.46 0.88 0.49 0.09 0.44 >5.7 >3.4
12 36 21.11 +62 13 03.6 25.2 <4.1 19.2±6.8 9.1±4.8 <11.9 <1.33 1.40 0.30 0.06 <0.38 >6.2 >4.1
12 36 21.93 +62 16 03.2 25.5 <4.4 34.8±8.6 <12.7 27.0±7.7 >2.15 <0.09 0.78 <0.06 0.84 >4.3 >3.2
12 36 22.66 +62 10 28.5 24.7 3.9 418.1±23.1 289.0±18.7 120.9±13.4 0.42+0.06
−0.05 1.59 4.39 1.48 2.80 >2.4 >1.2
12 36 23.69 +62 10 09.0 >25.3 − 33.8±9.0 17.9±6.5 14.9±7.0 0.84+0.62
−0.45 0.99 0.49 0.09 0.38 >5.5 >3.2
12 36 27.28 +62 13 08.3 >25.3 − 10.0±5.6 <10.3 6.0±4.9 >0.59 1.40 0.11 <0.05 0.14 >10.0 >5.3
12 36 27.54 +62 12 18.2 >25.3 − 28.3±7.4 20.4±6.1 9.9±5.6 0.49+0.34
−0.30 1.48 0.31 0.10 0.23 >7.2 >3.5
12 36 31.27 +62 09 58.3 24.9 <3.8 18.6±7.4 17.8±6.3 <11.0 <0.62 1.40 0.22 0.09 <0.26 >8.0 >4.1
12 36 33.49 +62 14 18.1 24.1 <3.0 110.7±12.4 86.6±10.7 28.8±7.2 0.34+0.10
−0.09 1.74 1.00 0.42 0.61 >4.5 >2.0
12 36 33.76 +62 13 13.8 24.7 4.3 40.3±8.3 <9.8 35.6±7.9 >3.67 <-0.29 1.06 <0.05 1.19 >3.6 >3.0
12 36 33.86 +62 13 27.7 24.1 <3.0 <9.7 5.8±4.2 <4.8 <0.84 1.40 <0.11 0.03 <0.11 >9.9 >5.4
12 36 34.47 +62 09 41.1 >25.3 − 25.8±8.1 13.3±5.8 11.1±6.4 0.84+0.81
−0.55 1.40 0.31 0.07 0.28 >6.2 >3.6
12 36 35.27 +62 11 51.7 24.5 4.1 23.9±7.0 9.9±4.8 12.7±5.8 1.29+1.37
−0.73 1.40 0.29 0.05 0.32 >5.7 >3.7
12 36 36.89 +62 13 20.2i >25.3 >3.4 18.2±6.3 7.6±4.4 11.9±5.6 1.58+2.33
−0.94 1.40 0.20 0.04 0.27 >6.1 >4.1
12 36 38.97 +62 10 41.4 >25.3 − 51.4±9.4 33.7±7.5 17.2±6.6 0.51+0.24
−0.22 1.44 0.56 0.16 0.39 >5.4 >2.7
12 36 39.65 +62 09 36.7 >25.3 >4.5 14.3±6.9 9.5±5.3 <12.1 <1.29 1.40 0.19 0.06 <0.33 >7.2 >4.6
12 36 42.11 +62 13 31.6i 24.9j 3.5j 22.7±6.8 20.4±6.0 <9.5 <0.47 1.40 0.25 0.10 <0.21 >8.0 >3.8
12 36 46.05 +62 14 49.0i 24.9 <3.8 12.6±5.7 9.2±4.6 <8.8 <0.98 1.40 0.14 0.04 <0.20 >8.3 >4.8
12 36 47.95 +62 10 19.9 >25.3 >4.6 36.2±8.3 11.6±5.3 24.4±7.2 2.11+1.87
−0.91 0.10 0.96 0.07 0.89 >4.2 >3.1
12 36 48.30 +62 14 56.3 >25.3 − 66.4±10.1 30.4±6.9 36.1±7.9 1.21+0.44
−0.35 0.61 1.12 0.14 0.98 >3.8 >2.4
12 36 51.75 +62 12 21.4i 25.8j 3.7j 148.1±14.2 60.1±9.2 91.9±11.6 1.54+0.34
−0.28 0.37 2.81 0.28 2.59 >2.6 >1.8
12 36 51.83 +62 15 04.9 24.5 3.5 165.7±14.9 110.5±12.0 56.3±9.3 0.52+0.11
−0.10 1.43 2.13 0.63 1.52 >3.3 >1.7
12 36 54.57 +62 11 11.0 25.3 4.2 30.7±7.7 12.1±5.2 20.6±6.7 1.70+1.38
−0.75 0.28 0.77 0.07 0.75 >4.8 >3.3
12 36 56.58 +62 15 13.2 >25.3 − 24.3±6.9 <7.7 23.2±6.8 >3.09 <-0.17 0.60 <0.04 0.75 >4.6 >3.7
12 36 58.83 +62 10 22.3 24.1 4.0 42.6±8.9 <10.3 39.9±8.6 >3.87 <-0.34 1.20 <0.05 1.41 >3.5 >2.9
12 37 00.46 +62 15 08.9 24.1 3.7 99.1±11.9 60.3±9.3 43.9±8.6 0.74+0.20
−0.17 1.11 1.66 0.37 1.38 >3.7 >2.1
12 37 02.60 +62 12 44.0 24.5 3.9 32.1±7.7 22.8±6.3 <10.8 <0.48 >1.40 0.35 0.11 <0.24 >6.8 >3.3
12 37 02.82 +62 16 01.3 24.9 3.6 193.4±16.1 134.7±13.2 65.8±10.2 0.49+0.09
−0.09 1.48 2.10 0.67 1.51 >3.2 >1.6
12 37 04.08 +62 11 55.2 24.5 <3.4 14.3±6.0 <9.7 11.2±5.6 >1.16 1.40 0.16 <0.05 0.26 >7.4 >4.6
12 37 04.86 +62 16 01.6 25.0 3.9 647.9±28.1 416.0±22.1 249.6±18.0 0.60+0.06
−0.05 1.30 7.77 2.04 5.94 >1.8 >1.0
12 37 05.10 +62 16 34.8 >25.3 − 87.2±11.7 43.9±8.3 42.8±8.8 0.98+0.30
−0.25 0.83 1.32 0.21 1.10 >3.6 >2.2
12 37 07.23 +62 14 08.0i 25.0 5.0 54.7±9.3 24.2±6.4 32.2±7.7 1.35+0.58
−0.43 0.50 1.00 0.12 0.92 >4.0 >2.6
12 37 11.97 +62 13 25.2i 25.0 <3.9 22.2±6.9 <9.7 20.4±6.7 >2.14 <0.09 0.56 <0.05 0.72 >5.2 >3.8
12 37 12.11 +62 12 11.3 25.9 <4.8 15.2±6.3 <9.7 10.3±5.7 >1.07 1.40 0.19 <0.05 0.27 >7.3 >4.5
12 37 12.66 +62 13 42.5 >25.3 − 13.7±5.9 <8.5 <11.4 − 1.40 0.16 <0.04 <0.28 >7.2 >4.7
12 37 13.70 +62 15 45.7 >25.3 >3.8 19.8±7.1 <9.1 17.7±6.7 >1.94 <0.16 0.42 <0.04 0.53 >5.6 >4.0
12 37 13.89 +62 14 58.0 25.7 <4.6 27.6±7.6 <12.0 24.4±7.1 >2.04 <0.12 0.64 <0.06 0.80 >4.8 >3.5
12 37 16.51 +62 16 43.2 24.7 <3.6 33.7±16.5 6.6±9.4 25.7±14.1 3.93+13.39
−3.16 -0.35 0.97 0.03 0.92 >3.9 >3.2
12 37 19.03 +62 10 25.6 25.9 <4.8 66.9±11.2 53.3±9.2 13.9±7.2 0.26+0.15
−0.14 1.88 0.60 0.28 0.31 >6.1 >2.4
12 37 22.72 +62 09 35.2 24.1 <3.0 111.8±14.1 59.6±10.0 50.0±10.7 0.85+0.25
−0.22 0.97 1.68 0.30 1.34 >3.3 >2.0
aI-band Vega-based magnitude.
bCalculated I−K color determined from I− (HK′ −0.3) following Barger et al. (1999).
cSource counts and errors taken from Paper V. “FB” indicates full band, “SB” indicates soft band, and “HB” indicates hard band.
dRatio of the counts between the 2.0–8.0 keV and 0.5–2.0 keV bands. The errors were calculated following the “numerical method’ described in §1.7.3 of Lyons (1991). Taken from Paper V.
ePhoton index for the 0.5–8.0 keV band, calculated from the band ratio. Taken from Paper V. The photon index for those sources with a low number of counts have been set to Γ = 1.4, a value representative of the
X-ray background spectral slope; see Paper V.
fFluxes are in units of 10−15 erg cm−2 s−1 . These fluxes have been taken from Paper V. They have not been corrected for Galactic absorption. “FB” indicates full band, “SB” indicates soft band, and “HB”
indicates hard band.
gMinimum redshift for a source to have a rest-frame unabsorbed 0.5–8.0 keV luminosity > 3×1044 ergs s−1. The unobscured X-ray emission is assumed to be a Γ = 2.0 power law. See §6.3 for details.
hMinimum redshift for a source to have a rest-frame unabsorbed 0.5–8.0 keV luminosity > 3×1044 ergs s−1 . The source is assumed to be Compton-thick, and the unobscured X-ray emission is assumed to be a
Γ = 2.0 power law. See §6.3 for details.
iOptically faint µJy radio source (Richards et al. 1999); see Table 2.
j I-band magnitude determined with the WFPC2 I814W filter, and K-band magnitude determined with the KPNO K-band filter (Dickinson et al. 2000; M. Dickinson, 2000, private communication; Waddington et al.
1999).
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TABLE 2
X-RAY DETECTED OPTICALLY FAINT µJY RADIO SOURCES
Radio X-ray coordinates Counts Flux Further X-ray
Namea S1.4GHzb αc IDd Ie I−Kf α2000 δ2000 R−Xg FBh SBh HBh FBi SBi HBi References
VLA J123618+621550j 150±8 >0.63 U >25.3 − 12 36 18.38 +62 15 51.1 0.7 16.5±6.1 <13.2 <13.3 0.19 <0.06 <0.31
VLA J123636+621320 50±8 >0.90 U >25.3 >3.4 12 36 36.89 +62 13 20.2 0.2 18.2±6.3 7.6±4.4 11.9±5.6 0.20 0.04 0.27
VLA J123642+621331 470±6 0.94 U 24.9k 3.5k 12 36 42.11 +62 13 31.6 0.2 22.7±6.8 20.4±6.0 <9.5 0.25 0.10 <0.21 Paper IV
VLA J123646+621448 120±9 0.84 U 24.9 <3.8 12 36 46.05 +62 14 49.0 0.3 12.6±5.7 9.2±4.6 <8.8 0.14 0.04 <0.20
VLA J123651+621221 49±6 0.71 S 25.8k 3.7k 12 36 51.75 +62 12 21.4 0.1 148.1±14.2 60.1±9.2 91.9±11.6 2.81 0.28 2.59 Papers I,II, & IV
VLA J123701+621146j 130±10 0.67 S 24.8 5.6 12 37 01.66 +62 11 45.9 0.9 11.8±4.4 7.2±2.8 <7.4 0.14 0.04 <0.18
VLA J123707+621408 45±6 0.29 AGN 25.0 5.0 12 37 07.23 +62 14 08.0 0.2 54.7±9.3 24.2±6.4 32.2±7.7 1.00 0.12 0.92
VLA J123711+621325 54±9 >1.16 S 25.0 <3.9 12 37 11.97 +62 13 25.2 0.5 22.2±6.9 <9.7 20.4±6.7 0.56 <0.05 0.72 Paper II
VLA J123721+621130j 380±5 −0.28 AGN >25.3 − 12 37 21.18 +62 11 29.7 0.6 21.5±6.4 <9.9 12.7±4.6 0.29 <0.06 0.35
aRadio source name. Taken from Richards et al. (1999).
bRadio flux density at 1.4 GHz in units of µJy. Taken from Richards et al. (1999).
cRadio spectral index, where Fν ∝ ν−α . Taken from Richards et al. (1999).
dSource classification based on radio properties. Taken from Richards (1999).
e I-band Vega-based magnitude.
fCalculated I−K color determined from I− (HK′ −0.3) following Barger et al. (1999).
gPositional offset between radio source and X-ray source in arcsecs.
hSource counts and errors. Taken from Table 1 for sources detected with WAVDETECT false probability threshold of 10−7 and from WAVDETECT for sources detected with WAVDETECT false probability threshold of 10−5. “FB” indicates full band,
“SB” indicates soft band, and “HB” indicates hard band.
iFluxes are in units of 10−15 erg cm−2 s−1. These fluxes have been calculated following the method described in Paper V. They have not been corrected for Galactic absorption. “FB” indicates full band, “SB” indicates soft band, and “HB” indicates
hard band.
jX-ray counterpart detected with WAVDETECT with false probability threshold of 10−5.
k I-band magnitude determined with the WFPC2 I814W filter, and K-band magnitude determined with the KPNO K-band filter (Dickinson et al. 2000; M. Dickinson, 2000, private communication; Waddington et al. 1999).
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TABLE 3
X-RAY STACKING ANALYSIS RESULTS
Sample Effective Source counts Background counts Statistical probability Flux
Referencea Nb Exposurec FBd HBd SBd FBe HBe SBe FBf HBf SBf FBg HBg SBg
Conti et al. (1999) 7 6.5 41 21 5 38.3 23.2 6.5 0.35 0.70 0.78 <2.1 <3.9 <0.5
Jarvis & MacAlpine (1998) 12 11.1 56 27 17 68.0 39.1 14.9 0.79 0.89 0.32 <1.5 <2.6 <0.5
Richards et al. (1999) 8 7.2 53 29 16 41.7 24.0 8.7 5.1×10−2 0.18 1.7×10−2 <2.2 <4.2 0.5
aObject sample reference.
bTotal number of sources used in the stacking analysis.
cEffective Chandra exposure time in Ms.
dTotal counts measured. “FB” indicates full band, “HB” indicates hard band, and “SB” indicates soft band.
eCalculated number of expected background counts. “FB” indicates full band, “HB” indicates hard band, and “SB” indicates soft band.
fPoisson probability that the total number of counts measured could be due to statistical chance. “FB” indicates full band, “HB” indicates hard band, and “SB” indicates soft band.
gAverage flux or 3σ upper limit in units of 10−17 erg cm−2 s−1. “FB” indicates full band, “HB” indicates hard band, and “SB” indicates soft band.
